Peroxisomes are single membranebound organelles that contain >50 enzymes, most of which contribute to pathways in intermediary lipid metabolism. 1 Disorders of peroxisome function are a group of genetic diseases that include peroxisome biogenesis disorders (PBDs), such as Zellweger syndrome (ZS), neonatal adrenoleukodystrophy, and infantile Refsum disease (IRD). 2 ZS, which is the prototype for PBD, is characterized by facial dysmorphism, retinitis pigmentosa, sensorineural deafness, and liver disease, such as hepatomegaly, cholestasis, transaminase elevation, and coagulopathy. 1 The IRD phenotype is considered to be the least severe form of ZS. 1 First described by Scotto et al in 1982, 3 IRD manifests in the first 6 months of age with severe visual impairment caused by tapetoretinal degeneration, neurologic abnormalities, developmental delays, mental retardation, sensorineural deafness, anosmia, hepatomegaly, bleeding episodes, and facial dysmorphism. In contrast to ZS and neonatal abstract Infantile Refsum disease (IRD) is a rare autosomal recessive disorder of peroxisome biogenesis characterized by generalized peroxisomal metabolic dysfunction, including accumulation of very long-chain fatty acids (VLCFAs) and phytanic acid (PA), as well as decreased plasmalogen contents (PL). An effective therapy for this intractable disease has not been established, and only supportive management with docosahexaenoic acid supplementation and low PA diet has been reported so far. A boy of 3 years and 8 months presented with facial dysmorphism, transaminitis, and psychomotor retardation. Biochemical analysis showed elevated PA and VLCFAs, with reduced PL in the serum. Immunofluorescence study of fibroblasts from the patient indicated a mosaic pattern of catalase-positive and -negative particles, and molecular analysis revealed compound heterozygous mutations of PEX6. The failure of medical management to prevent the progression of clinical symptoms and abnormal biochemistry prompted us to consider liver transplantation (LT). With the chances of receiving a deceased donor liver being poor, we performed a living-donor LT from the patient's heterozygous mother. At 6-month follow-up, the patient's serum PA levels had normalized. VLCFAs and PL levels had declined and increased, respectively. To the best of our knowledge, this is the second reported case in which IRD was treated by living-donor LT by using a heterozygous donor. Only long-term follow-up will reveal if there is any clinical improvement in the present case. With the liver being a major site for peroxisomal pathways, its replacement by LT may work as a form of partial enzyme therapy for patients with IRD.
adrenoleukodystrophy, patients with IRD may survive beyond the age of 10 years. 1, 2 Historically, the standard treatment of IRD has been supportive treatment by using a low phytanic acid (PA) diet and docosahexaenoic acid (DHA) supplementation. 1, 2, 4 Enzyme replacement was first attempted in Belgium in 2003 by using hepatocyte transplantation (HT). The patient was a 4-year-old girl with severe hearing and visual impairment, together with failure to thrive. 5 Subsequently, in 2005, the first case of living-donor liver transplantation (LDLT) in a mildly symptomatic 6-month-old infant who was the sibling of a severely neurologically impaired older sister was reported. 6 We herein describe a case of IRD in a patient who underwent LDLT by using a liver graft from a heterozygous parent and the short-term clinical outcome.
CASE PRESENTATION
The patient was a boy of 3 years and 8 months of age (body weight: 12.2 kg, -1.6 SD) who was born at full term after an uneventful pregnancy of 39 weeks and 1 day. His birth weight was 2490 g. He had been followed since birth because of a large anterior fontanelle (8 × 8 cm), early infantileonset transaminitis, psychomotor retardation, and facial dysmorphism (Fig 1) . After 6 months, he had poor visual contact, apparent hypoacusia, muscle hypotonia, nystagmus, and splenomegaly. At 18 months, elevated levels of PA and very long-chain fatty acids (VLCFAs), reduced tendency of plasmalogen contents (PL), decreased DHA, and the presence of abnormal total bile acid were detected (Table 1) , suggesting a diagnosis of IRD. Immunofluorescent studies using antihuman catalase antibody revealed a mosaic immunofluorescence pattern with both positive and negative catalase-containing particles in the fibroblasts (Fig 2 B and C) , in contrast to numerous particles in all fibroblasts from the control (Fig 2A) . Mutation analysis of peroxin (PEX) genes confirmed compound heterozygous missense mutations of PEX6 in the patient (c.1451G>A p.484Cys>Tyr and c.1550G>C p.517 Arg>Pro), which led to the diagnosis of IRD. His mother had heterozygous missense mutations of PEX6 in c.1451G>A p.484Cys>Tyr.
Initially, the patient was managed with DHA supplementation (450 mg/day) and a low PA diet. However, the symptoms gradually worsened and there was a further increase in the levels of PA and VLCFAs. In view of a previous report of a good response in a mildly symptomatic patient with IRD who underwent liver transplantation (LT) early in life, 6 we considered performing LT in our patient. His chances of receiving a graft from a deceased donor were poor because of the low priority e2
FIGURE 1
Facial dysmorphism (high forehead, large anterior fontanelle, hypoplastic supraorbital ridges, epicanthal folds, and deformed earlobes) in the patient with IRD. 
FIGURE 2
A mosaic immunofl uorescence pattern with both positive and negative catalase-containing particles was seen in the patient's fi broblasts (B and C), in contrast to numerous particles in all fi broblasts from the control (A).
of his case. We therefore decided to perform LDLT. Approval was obtained from the institutional ethics committee to proceed with LDLT. Additional preoperative workup was performed. Funduscopy revealed retinitis pigmentosa (Fig 3) . Brain MRI with fluid-attenuated inversion recovery sequencing revealed a hyper intense signal in the white matter of the right frontal cortex, periventricular region, and pons (Fig 4) . On auditory brainstem response, there was a severe increase in threshold response on the right (80 dB) and left (90 dB). Peripheral nerve conduction tests remained within the normal range except for a decrease in the right median nerve conduction velocity (39 m/second, -2.9 SD).
A left lateral segment liver graft weighing 287 g (representing 2.39% of the graft-to-recipient weight ratio) was procured from the patient's mother. The operation used a standard LDLT technique, which has been described elsewhere. 7 The histology of the explanted liver showed a low lipid content with oil red O staining. Immunosuppressive treatment consisting of tacrolimus and prednisolone was administered. The patient's postoperative course was uneventful, and he was discharged on postoperative day 33 without any surgical complications.
A rapid lowering of PA and VLCFA plasma concentration levels was observed after LDLT. The patient's PA levels normalized within 7 days (Table 1) . At 5 months after LDLT, the patient's general condition appeared to have improved and he started to attend a special support school while receiving immunosuppression treatment (tacrolimus and prednisolone). At 6 months after LDLT, serum PA levels remained within normal range, and his low PA diet was gradually lifted (Table 2) . Furthermore, PL levels were trending upward ( 
FIGURE 3
Fundus photograph of the patient's right eye reveals macular pigment and degeneration. The left eye was similar in appearance.
FIGURE 4
A hyperintense signal in the white matter of the right frontal cortex, the periventricular (A) and the pons (B) on fl uid-attenuated inversion recovery sequence. by guest on November 15, 2017 http://pediatrics.aappublications.org/ Downloaded from of mutations in a gene sequence analysis of the PEX gene. 8, 9 There is currently no curative treatment of IRD. Owing to the complex nature of the disorder and the plurality of the enzyme deficiencies, multidisciplinary treatment is required, although it is mainly supportive therapy. The progressive pathologic changes and severe neurologic, together with liver, dysfunction are inevitable. 1, 2, 4 However, according to recent reports, the optimal treatment regimen, including dietary restriction, showed the PA to decrease to normal levels, which thus makes it possible to avoid a loss of vision, 10 and the developmental delay experienced by the patient thereafter gradually improved. 11 HT 5, 12, 13 is an alternative to LT for the treatment of liver-based inborn errors of metabolism. In HT, the aim is to replace a single deficient enzyme or its product. The procedure is less invasive than LT and can be performed repeatedly; however, the number of transplanted cells usually represents only ∼5% of the theoretical liver mass, and cell function often declines after ∼9 months. 12, 13 Therefore, HT is not yet an accepted conventional treatment. In addition, IRD, being a PBD, is inherently a systemic disease, and some of the relevant clinical effects remain unknown.
LT has been successfully used in enzyme supplementation and the replacement of inborn errors of metabolism. 14, 15 LT is a potential alternative in the management of IRD as it provides a lifelong supply of peroxisomal enzyme within the allograft. LDLT from the mother of a patient with IRD was reported to be successful in improving the patient's abnormal biochemistry, as well as achieving neurologic stabilization and improvement over a follow-up period of 4 years. 6 Furthermore, at 10 years after LT, the index patient is attending a special support school and is able to see, hear and speak. In comparison, her elder sister, who underwent HT at 4 years of age 5 , currently continues to demonstrate severe visual, hearing and neurologic impairment (Dr Etienne Marc Sokal, personal communication, 2014). LT was chosen as the treatment in our present case after considering these personal communication scenarios, and the fact that patients with IRD typically live beyond the age of 10 years but eventually die of severe encephalopathy with only supportive medical management. 1, 2 The routine application of LT in the treatment of IRD is controversial because it provides only partial enzyme replacement, as the peroxisomes are expressed in all tissues. 1, 2 Nevertheless, the clinical effects of LT include a reduction in serum VLCFA and PA levels. 6 In the present case, we continued to provide DHA supplementation and a low PA diet until LT was performed. The patient's PA level normalized by day 7 after LT and a reduction in VLCFA levels was also noted. After LT, we discontinued DHA supplementation because it is controversial whether oral administration of DHA has any clinical benefit. 1, 2, 4 The patient's low PA diet was gradually lifted with reference to the metabolic profiles in the patient's serum (Table 1) .
One of the delicate issues in LT for IRD is timing. Postponing a transplant could lead to additional neurologic insult and a higher likelihood of inferior neurodevelopmental outcomes. LT may be considered in young patients, such as the present case, whose symptoms have not progressed beyond the mild type.
Although LDLT did not cure the patient's disorder, we hypothesize that the normalization of the PA levels may prevent the progression of hearing loss, polyneuropathy, and retinitis pigmentosa. These improvements may lead to a higher quality of life due to the mitigation of the low PA diet. The posttransplant follow-up routine involves trimestral multidisciplinary medical assessments, including brain MRI and metabolic profiling.
With continued success, we believe that LT may evolve as a feasible option for the treatment of IRD. A prospective evaluation with long-term outcomes may address the ethical concerns and the validity of LDLT as a treatment of IRD. Nevertheless, close long-term clinical and metabolic follow-up should be maintained after LT.
